Effective battery thermal management is significant for electric vehicle to maintain the performance and life cycle of battery packs. In this paper, a novel modular liquid-cooled system for batteries is designed, and the effect of cooling water flow rate and cooling mode (Serial cooling and parallel cooling) on the thermal behavior of the battery module is studied by CFD numerical simulation and experiment. The results show that there is a limit to improve the cooling effect by increasing the cooling water flow rate for the specific cooling structure. When the flow rate is relatively small, increasing the cooling water flow rate can significantly lower the maximum temperature and improve the temperature uniformity in the battery module; when the flow rate increases to a certain value, increasing the cooling water flow rate has no obvious effect on improving cooling effect. Compared with serial cooling, parallel cooling can significantly lower the temperature of the battery module, reduce the temperature difference between single cells, and improve the temperature uniformity of the battery module.
Introduction
Battery thermal management system plays an important role in ensuring the battery pack work stably and improving the battery circle life.
At present, the cooling methods of battery packs mainly include air cooling [1, 2] , liquid cooling [3, 4] , phase change material cooling [5, 6] and heat pipe cooling [7, 8] . Air cooling has the advantages of simple structure and low cost, but it has the shortcomings of insufficient cooling effect and temperature non-uniformity. Additional fans, flow channels and fins are required to improve the heat dissipation efficiency. The temperature uniformity of phase change materials (PCM) cooling is better, but the thermal conductivity of phase change materials is insufficient. In recent years, researches mainly focus on changing the composition of materials to improve the thermal conductivity. Although heat pipe cooling has the feature of light weight, excellent heat dissipation, low power consumption, the relevant technology is now at the stage of lab research and pilot test. Compared with other cooling methods, liquid cooling with effective heat transfer enhancement and strong adaptability to environment and operating conditions, has been widely applied and becomes the mainstream gradually [9, 10] .
In this paper, a novel modular liquid-cooled battery thermal management for cylindrical lithium-ion battery module was designed, as shown in Figure 1 , which can be flexibly combined to adapt to different power requirements. A real battery module with this cooling system was manufactured, and the influence factors of its thermal performance were explored by computation fluid dynamic (CFD) simulation and experiment in detail. 
Design and analysis of the battery module 2.1 Experimental setup
The experimental system includes a battery charging and discharging equipment, a battery module, the cooling system (low-constant temperature cooling tank, a pump and seven flowmeters), the temperature acquisition instrument (K-type thermocouples), as shown in Figure 2 and Figure 3 . Twenty 18650 NCM cells with a capacity of 2.2Ah are used in the experimental study. Twenty thermocouples are located in the middle of the contact surfaces between the cells and the cooling module. Water is fed into the cooling module by a water pump (20-110 ml/min), and the flow rate of each branch is adjusted by a rotor flowmeter (10-150 ml/min). 
Numerical procedures
Commercial CFD software ANSYS-FLUENT is used to complement the experimental study and obtain flow field distribution which is difficult to be observed in the experiment. K-Epsilon turbulence model and PISO algorithm are used to simulate thermal performance of the battery module unsteadily with the time step set as 0.1s. The convergence of the energy equation is 1e-6, and the other residuals are 1e-3. User defined function (UDF) program of heat source is used to calculate transient change of heat generation, which is loaded on the cell as body thermal load. The fluid inlet is set as velocity inlet; the outlet is outflow in order to avoid reflow; the contact surface of the cell with the air is set as convection, and the convective heat transfer coefficient is 5W/m -2 K -1 ; the initial temperature is set according to the actual situation of the experiment. Figure 4 shows the water flow direction and location of cells in the numerical calculation domain. The 3D mesh model of the battery module used for the simulation is shown in Figure 5 . 
Results and discussion
The effect of flow rate and series/parallel cooling on temperature field is studied. The evaluation index of thermal behavior is maximum temperature and temperature difference among the battery module.
Effect of Flow Rate on temperature field of the battery module
In order to study temperature field variation with flow rate, the flow range of 40-140 ml/min at 20 ml/min intervals under serial cooling mode was selected. It can be seen from Figure 6 that the maximum temperature and temperature difference of the battery module decrease with the increase of flow rate, and the decreasing trend becomes slow gradually. With the increase of flow rate, the maximum temperature decreases by 5.08 ℃ , 3.18 ℃ , 2.32 ℃ , 1.53 ℃ and 0.52℃, and the temperature difference decreases by 3.7℃, 2.52℃, 1.92℃, 1.25℃ and 0.33℃. For a certain cooling structure, increasing the flow rate can effectively improve the cooling efficiency within a certain range. When the flow rate exceeds a certain value, the cooling effect is no longer obvious while the power consumption increases. The balance between cooling effect and power consumption should be considered in the selection of flow rate. Figure 7 describes the average temperature variation of cells in battery module with serial/parallel cooling at 80 ml/min, where the location of batteries in the module is shown in Figure 4 . For the serial cooling, the lowest average temperature of the first row is 35℃, and the highest average temperature of the fifth row is 43.92℃. It can be clearly seen from the Figure 7 that the temperature difference between the same rows is smaller, and that between different rows is larger. The average temperature of each row with the parallel cooling differs greatly from that of the serial cooling, which are 1.13℃, 1.11℃, 1.52℃, 1.09℃ and 1.1℃ respectively. The temperature uniformity of parallel cooling is much better than that of serial cooling, which is mainly due to parallel cooling taking away the heat generated by batteries faster. Figure 9 shows comparisons of experimental and simulated maximum temperature of the battery module with serial/parallel cooling under the flow rate of 80ml/min at 3C and ambient temperature of 30℃. The maximum error between the simulation and the experiment is 2.99%, which proves that the simulation agrees well with the experiment and the method used in the simulation is reasonable.
Effect of series/parallel cooling on temperature field of the battery module
Compared with Figure 8 and Figure 9 , the trend of maximum temperature curve according to time for parallel cooling is to increase before 500s, then fluctuate within a certain range. It shows that parallel cooling takes less time to stabilize the temperature of the battery module than serial cooling, which greatly reduces the impact of excessive temperature fluctuation on the battery module. The typical temperature contour of the battery module with serial/ parallel cooling under the flow rate of 80ml/min at 3C and ambient temperature of 30℃ is shown in Figure 10 and Figure 11 . Compared with the serial cooling, the maximum temperature and temperature difference of parallel cooling are 37.67℃ and 5.76℃ respectively, which are 7.55℃ and 6.74℃ lower than those of serial cooling. It shows that parallel cooling has considerable effect on improving temperature uniformity of the battery module. 
Conclusions
(1) There is a limit to improve the cooling effect by increasing the cooling water flow rate for the specific cooling structure. When the flow rate is relatively small, increasing the cooling water flow rate can significantly lower the maximum temperature and improve the temperature uniformity in the battery module; when the flow rate increases to a certain value, increasing the cooling water flow rate has no obvious effect on improving cooling effect.
(2) Compared with the serial cooling, the maximum temperature and temperature difference with parallel cooling are 37.67℃ and 5.76℃, respectively, which are 7.55 ℃ and 6.74 ℃ lower than those of serial cooling.
(3) Compared with the decrease of maximum temperature, the decrease of temperature difference is more obvious, which shows that parallel cooling has considerable effect on improving temperature uniformity of the battery module.
(4) Parallel cooling can make the temperature of batteries reach a stable state in a shorter time, which greatly reduces the impact of temperature fluctuation on the battery module. When the cell number of battery packs is large, the parallel cooling should be adopted.
